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Introduction 
 π-Conjugated organic molecules, exhibiting long-wavelength absorption and high tendency to form 
intermolecular π-π stacking structures, have attracted considerable attention due to their potential for 
application in organic semiconductors and organic photovoltaic cells, etc. Tetraphenylporphyrin (TPP), a 
representative of synthetic porphyrins, and its derivatives are promising candidates of functional dyes for the 
purposes mentioned above, because of the highly expanded π-conjugation, facileness of the synthesis and 
introduction of functional groups, and the high robustness among organic dyes. TPP, however, cannot form 
strong intermolecular π-π stacking with the porphyrin core due to the steric repulsion of the meso-phenyl 
groups, and thus, it cannot be directly used to construct π-π stacked one-dimensional molecular wires, which 
are very important to construct molecule-based optoelectronic materials. On the other hand, modification of 
porphyrins by introduction of fused rings at the periphery of the porphyrin aromatic circuit has been 
intensively studied in recent years,1,2 in light of the merits of the unique physical properties derived from the 
narrowed HOMO-LUMO gaps and facileness for formation of π-π stacked arrays using the planar 
π-conjugated surfaces. The ring-fusion strategy has been successfully applied to obtain a chromophore 
showing an absorption band over 1400 nm based on one porphyrin unit.3 In particular, meso-β-arene-fused 
porphyrin derivatives exhibit larger red-shifts of the optical absorption bands and smaller HOMO-LUMO 
gaps, compared to β-β-arene-fused derivatives. However, the ring-fusion reactions reported so far are highly 
limited and the synthetic procedures for the precursors are time-consuming. 
 In this thesis, an efficient procedure is reported for preparation of quadruply fused porphyrins 
(QFPs), in which the four meso-aryl groups are covalently bonded to the β-carbons of the pyrrole rings at the 
ortho-positions. In addition, QFP and the derivatives have highly expanded π-conjugation circuits, which 
enable strong intermolecular π-π stacking and show unique physical properties based on the narrowed 
HOMO-LUMO gaps. 
Results and Discussion 
1. Synthesis and characterization of multiply-fused porphyrins(i)(ii)  
Porphyrin derivatives, 1 – 4, having different numbers of fused five-membered rings at the periphery, 
have been prepared with direct C-H activation in the presence of a palladium-catalyst (Scheme 1). The key 
factor of the reaction is the selection of the Pd catalyst. A molecular Pd catalyst, such as Pd(PPh3)4, did not 
afford the fully fused product, 4, but the partially fused products, 1 and 2. In sharp contrast, when 
Pd-nanoclusters derived from [Pd(η3-C3H5)Cl]24 were employed as the catalyst, the quadruply fused 4 was 
obtained in 79% yield, accompanying the triply fused 3 as a minor product in 11% yield. Characterization of 
the ring-fused porphyrins was performed using 1H NMR spectroscopy, MALDI-TOF-MS 
spectrometry,elemental analysis and X-ray crystallography. One of the characteristics found in the crystal 
structures of the fused porphyrins was the long C-C 
bonds between the ipso-carbon (Cipso) of the fused 
phenyl groups and the ortho-carbon (Co(fus)) of the 
same phenyl group in the ring-fused moieties (see 
Scheme 1). The C-C bond lengths of non-fused 
phenyl groups and the C-C bond lengths except the 
Cipso-Co(fus) bond in the fused phenyl rings were 
almost equal to ca. 1.39 Å, whereas the Cipso-Co(fus) 
bond lengths were ca. 1.44 Å in common to all the 
crystal structures of the fused porphyrins. The 
elongation of the Cipso-Co(fus) bonds by ca. 0.05 Å 
indicates that a single bond is localized between Cipso 
and Co(fus), and thus, the π-conjugation circuit always 
avoids the Cipso-Co(fus) bond and the isolated 
aromaticity of the meso-phenyl groups is almost lost. 
Therefore, the larger aromatic circuits soaking into 
the fused phenyl rings in the fused porphyrins are 
recognized in the crystal structures. 
 To confirm the electronic effects of the ring-fusion on the porphyrin π-conjugation, were measured 
the electronic absorption spectra and cyclic and differential-pulse voltammograms (CV and DPV) of the 
fused porphyrins. In the absorption spectra, both the Soret- and Q-like bands gradually red-shifted upon 
increasing the number of the fused rings (Figure 1). The lowest energy of the Q-like band was observed for 4, 
reaching over 1000 nm and the bathochromic shift width was 420 nm relative to the longest Q-band of 
ZnTPP in DMF. In addition, the fused porphyrins absorb almost the whole visible light, and consequently, 
the solution color of 4 in DMF, for example, is dark blue. All the fused porphyrins exhibited the reversible 
first-oxidation and first-reduction waves in DMF, and the reversible or pseudo-reversible second-oxidation 
and second-reduction waves. HOMO-LUMO gaps obtained from differences between the first oxidation and 
the first reduction potentials become narrower with increasing the number of fused rings. It should be noted 
that the lowering of the LUMO level by ring-fusion is more remarkable than the rise of the HOMO level; for 
instance, the difference of the first reduction potentials between 4 (–0.67 V) and ZnTPP (–1.36 V) was 0.69 
V, whereas that of the first oxidation potentials of 4 (+0.65 V) and ZnTPP (+0.83 V) was 0.18 V. To confirm 
the large effect of the ring-fusion on the LUMO level, DFT calculations on 4 were conducted. As a result, 
the HOMO of 4 is delocalized mainly on the porphyrin core, whereas the LUMO of 4 is expanded to the 
ring-fused moieties. Therefore, the energy level of LUMO is strongly affected by the degree of ring-fusion, 
compared to that of HOMO. 
 
Figure 1. UV-Vis absorption spectra of fused porphyrins, 
1 (green), 2-cis (red), 2-trans (brown), 3 (purple), and 4 
(blue), in DMF. 
 
 
Scheme 1. Synthesis of a series of ring-fused porphyrin derivatives. 
2. Substituent effects in ZnII-QFP complexes(ii) 
 To elucidate the impact of substituents on the electronic 
characteristics of ZnQFP, several derivatives of ZnQFPs, to which various 
functional groups are introduced at the para-positions of the ring-fused 
four meso-aryl groups, have been synthesized (Figure 2). Optical and 
electrochemical properties of ZnQFP are largely affected by the 
substituents at the para-position of the fused meso-aryl groups. The 
introduction of substituents at the para-positions of the fused aryl groups 
caused bathochromic shifts of the absorption bands for all the four 
derivatives, 4b – e, relative to those of 4a. To shed light on the substituent 
effects on the perturbation of the energy levels of the frontier orbitals, 
which most directly relate to the π-π* transitions, electrochemical studies 
on the ZnQFP derivatives to determine the redox potentials of the ZnQFP 
derivatives were performed. Both of the potentials of the first reduction and 
first oxidation processes, ERed1 and EOx1, of the ZnQFP derivatives were 
positively shifted upon introducing electron-withdrawing groups. EOx1 of the ZnQFP derivatives is more 
sensitive to the substituents than ERed1; the differences in the potentials between the most electron-donating 
methoxy derivative, 4c, and the most electron-withdrawing trifluoromethyl one, 4e, are 0.51 V for EOx1 
(+0.37 V for 4c and +0.88 V vs SCE for 4e), whereas that for ERed1 is only 0.05 V (–0.71 V for 4c and –0.66 
V vs SCE for 4e). This sensitiveness can be accounted for by the distribution of the electron densities in the 
frontier orbitals. The DFT-calculated HOMO and LUMO show large distribution on the meso-aryl groups 
due to the ring-fusion and resultant expansion of the π-conjugation. In particular, the para-positions of the 
fused meso-aryl groups have large electron density in the HOMO, but no distribution in the LUMO, which 
causes good sensitivity of the HOMO-related EOx1 and poor sensitivity of LUMO-related ERed1 to the 
substituents. 
3. Functionalization of QFP at the β-positions of the non-fused 
pyrroles 
 QFP can be functionalized also at the β-positions of the non-fused 
pyrroles (Figure 3); bromination at the β-positions of the non-fused pyrrole 
was performed with N-bromosuccinimide to give β-tetrabrominated 
ZnQFP, 5a. Phenyl groups were also introduced at the β-positions of 
ZnQFP using 5a as a precursor under Pd-catalyzed cross-coupling 
conditions. Both the Soret and Q-like bands of the ZnQFPs functionalized 
at the β-positions, 5a and 5b, were red-shifted relative to that of 4b, the 
corresponding non-substituted derivative. In addition, compound 
5a forms a dimeric structure in the solid state, where the 
non-fused pyrroles are tilted relative to the porphyrin plane, due 
to steric repulsion of Br groups against the fused aromatic rings. 
Thus, the lone pair of the pyrrolic nitrogen do not direct to the 
Zn center. As a result, the non-fused pyrrole coordinates to the 
Zn center of the other molecule of 5a to form the dimeric 
structure (Figure 4). 
4. Acid-base properties of a freebase form of ring-fused 
porphyrins(iv)  
 A Free-base derivative of quadruply-fused porphyrin 
(H2QFP, 6) was synthesized and characterization of the freebase 
was performed by 1H NMR spectroscopy and single-crystal 
X-ray diffraction analysis. The basicity of the imino-nitrogen 
atoms of the fused pyrroles in 6 was also explored by UV-Vis 
titration with use of trifluoroacetic acid (TFA) as an acid in CH2Cl2 at 298 K; as a result, the first protonation 
of 6 proceeds similarly to that of H2TPP, whereas the second protonation is hard to occur unless a large 
excess amount of TFA is added. Therefore, it is clarified that 6 undergoes two-step protonation (Scheme 2). 
 
Figure 3. Molecular structures 
of substituted QFP derivatives. 
 
Figure 2. Molecular structures 
of QFP derivatives studied here. 
 
Figure 4. The crystal structure of 5a. t-Bu 
groups were omitted for clarity. 
Analysis of the absorbance 
change at 601 nm for the 
first step and that at 631 nm 
for the second step allowed 
us to determine the 
equilibrium constant of each 
step: K1 = (1.3 ± 0.1) × 105 
M–1 and K2 = 7.3 ± 0.3 M–1. 
This difference stems from 
the fact that the 
monoprotonated form of 6 
maintains a stable planar structure; on the contrary, the diprotonated structure of 6 is unstable due to the 
severe repulsion among the four inner protons in the rigid planar framework of QFP. The stepwise 
protonation also causes stepwise positive shifts of the reduction potentials of 6. In addition, unsymmetrical 
electronic structure of the monoprotonated 6 has been revealed by the ESR spectrum of its 1e–-reduced 
species, which was formed by electrochemical reduction. 
5. NH tautomerism of a freebase form of QFP 
 Dynamic inner NH 
proton transfer of freebase 
porphyrins has been known 
as NH tautomerism and has 
been intensively 
investigated for several 
decades.4 To explore the 
NH tautomerism of H2QFP, 
which involves 
intermediates having a 
proton on the imino-nitrogen atoms of the fused pyrroles (Scheme 3), introduction of a substituent at the 
β-position of a non-fused pyrrole was made to break the structural symmetry; since compound 6 has a 
symmetric structure to make the two inner NH atoms identical in the 1H NMR spectrum, the NH 
tautomerism cannot be clarified. The 1H NMR signal of the inner NH protons in 7 was observed as a broad 
singlet in CDCl3 at 298 K, which indicates that the exchange process of the two inner NH protons (i.e. NH 
tautomerism) is too fast relative to the NMR timescale. In contrast, at 293 K, the signal of the inner NH 
protons was observed as a slightly split signal, reflecting the different magnetic circumstances of the two 
protons; the exchange process is slow enough to the NMR timescale at this temperature. The variable 
temperature NMR studies of 7 and the line-shape analysis revealed that the activation barrier for the NH 
tautomerism of 7 was larger than that of freebase tetraphenylporphyrin (H2TPP)4 and the activation 
parameters in CDCl3 were determined to be ΔH‡ = 95 kJ mol–1 and ΔS‡ = 89 J mol–1 K–1. 
6. NLO properties of “push-pull” type QFP derivatives 
 To elucidate the impact of the “push-pull” effects on QFP toward 
the nonlinear optical (NLO) properties, ZnQFP derivatives, which have 
an electron-withdrawing group and a methoxy group as an 
electron-donating group at the diagonal positions of the molecule, have 
been prepared through stepwise processes (Figure 5). The obtained 
“push-pull” ZnQFPs exhibited a characteristic charge-transfer band from 
the electron-donating moiety to the electron-withdrawing one. Dynamic 
hyperpolarizability (β1300) values of the “push-pull” ZnQFPs for 1300 nm 
incident laser were determined by hyper-Rayleigh light-scattering 
measurements. The QFP derivative, having a cyano group as an 
electron-withdrawing group, showed the largest β1300 value (β1300 = 730 
× 10–30 esu) among the “push-pull” QFP derivatives studied here. In addition, the β1300 value of the 
cyano-derivative was ca. 240 times larger than that of the corresponding ZnTPP derivative having the same 
“push-pull” substituents. 
7. Supramolecular interaction of fullerenes with a monomeric ZnQFP(iii) 
 
Scheme 3. NH tautomerism of a QFP derivative. 
 
Figure 5. Molecular structures of 
“push-pull” QFPs. 
 
Scheme 2. Acid-base properties of H2QFP. 
 ZnII complexes of quadruply-fused porphyrin and 
the derivatives having an axial ligand such as pyridine 
exhibit bowl-shaped structures in the crystal.(ii) In this 
study, the concaved surface of ZnQFP has been utilized 
for recognition of the convex surfaces of fullerenes in 
solution on the basis of strong intermolecular π-π 
interaction. When the solution of 4f-py in 
1,2-dichlorobenzene (DCB; 7.5 × 10–5 M) was titrated 
with a solution of fullerenes of C60 or C70 in DCB (1.9 
× 10–3 M) by UV-Vis spectroscopy at 298 K, in both of 
the experiments using C60 and C70, the Q bands of 4f-py 
showed hypsochromic shifts upon addition of the 
fullerene solution. Based on the Job’s plots, this spectral 
change can be elucidated as stepwise association behavior 
of 4f-py and fullerenes; i.e. at first when the concentration 
of the fullerene is low, a 2:1 complex of 4f-py and a 
fullerene is produced, and then, a 1:1 complex of 4f-py 
and a fullerene is predominantly formed upon increasing 
the concentration of the fullerene. This is the first example 
to demonstrate non-covalent interaction between a 
monomeric porphyrin and a fullerene in solution. The 
stepwise association constants, K1 and K2 (Scheme 4), 
were determined to be (1.1 ± 0.1) × 104 and (1.2 ± 0.2) × 
103 M–1 for C60, and (1.3 ± 0.1) × 104 and (2.2 ± 0.3) × 103 
M–1 for C70, respectively. For further confirmation of the association between 4f-py and fullerenes in solution, 
1H NMR titration experiments were also performed in o-dichlorobenzene-d4 at 298 K; addition of C60 caused 
upfield shifts of the p-CH3 groups of the peripheral mesityl groups in 4f-py (8.8 × 10–4 M) from δ = 2.159 
ppm in the absence of C60 to δ = 2.147 ppm in the presence of 3 equiv of C60. 
 The structure of the 2:1 associated complex of 4f-py and C70 have been explicitly elucidated by 
single-crystal X-ray diffraction analysis (Figure 6); the fullerene is fully covered by the concave surfaces of 
two 4f-py molecules to form the complex. In addition, the crystal structures of fullerene-4f-py complexes 
suggest that the CH-π interaction of the o-CH3 groups of the mesityl groups and the CT interaction assist the 
association of 4f-py with fullerenes. 
Summary 
 The significant effects of the ring fusion on the electronic structures of ring-fused porphyrin 
derivatives have been clarified with various spectroscopies and the expansion of the π-conjugated aromatic 
circuits to the fused meso-aryl groups has been verified by the crystal structures. The expansion of the 
π-conjugated circuits results in the unique electronic properties of the porphyrin derivatives, involving not 
only the remarkable red shifts of the absorption bands derived from the narrowed HOMO-LUMO gaps, but 
also the contribution of anti-aromatic resonance forms to the aromaticity as observed in the 1H NMR spectra. 
Furthermore, the formation of fused five-membered rings causes structural deformation of the porphyrin core 
and intensively affects the electronic structure of QFPs, which result in formation of supramolecular 
complexes with fullerenes in solution, stepwise protonation behavior and emergence of high NLO responses. 
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Figure 6. The crystal structures of (4f-py)2·C70. 
One of the disordered pairs of the fullerenes is 
shown for clarity. 
 
Scheme 4. Equilibrium of complexation between 
4f-py and fullerene. Ful stands for fullerene; K1 
and K2 are the stepwise association constants. 
